Abstract. In 'Atlantic' potato (Solanum tuberosum L.) the onset and development of internal heat necrosis (IHN) varied with planting date and location in 1989. Symptoms of IHN (first trace) took fewer days to appear in the later plantings in Virginia and New Jersey. However, the interval from first trace to offgrade was extended in the later plantings. Data from successive harvests in these two locations over the past 4 years were used to develop a two-stage model to predict first trace and offgrade by stepwise regression techniques. The predictive model for first trace included rainfall and variables calculated from a heat-sum model that reflected maximum and minimum air temperatures during tuber initiation and early enlargement. The addition of variables reflecting size distribution and rainfall events at first trace resulted in a strong predictive model for offgrade (R 2 = 0.98, Mallow's criterion = 2.97). These models indicate that onset and development of IHN are influenced by environmental stress during more than one stage of growth. A delay in the development of offgrade tubers would be expected in years with a cool, wet spring, fewer tubers >64 mm in diameter at first trace, and more rain events during the 10 days immediately after first trace.
In the mid-Atlantic region, 'Atlantic' is the potato cultivar of choice for the potato chip industry. This cultivar combines high yields and high specific gravity with acceptable chip color . However, 'Atlantic' is susceptible to the disorder commercially referred to as IHN. The first visible symptoms of IHN are generally small, localized areas of necrotic tissue in the parenchyma inside the vascular ring. IHN occurs first toward the apical end of the larger tubers in the hill . As IHN progresses, the area affected and the color intensity of the necrotic tissue increase (Sterrett et al., 1991) . The USDA no. 1 grade potato standards specify that total defects may not exceed 8%, with internal defects not to exceed 5% by weight (U.S. Dept. of Agriculture, 1972) . The occurrence of IHN in the largest tubers severely limits the percentage of tubers with IHN tolerated in a USDA no. 1 lot of potatoes.
Several studies have associated the incidence of necrotic tissue with above normal temperature and below normal rainfall (Friedman, 1955; Larson and Albert, 1945; Wolcott and Ellis, 1959) . Sterrett et al. (1991) found a complex relationship between the progression of IHN, time (DAP), temperature, and rainfall.
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processing contracts in these two states, respectively (Sterrett and Wilson, 1990) . Between 1986 and 1988, 3 .2% to 11.2% of 'Atlantic' acreage was left unharvested because tubers were out of USDA no. 1 grade (offgrade) as a result of IHN (Sterrett and Wilson, 1990) . To meet chip processor demands for 'Atlantic' while minimizing the risk of economic loss from IHN, a predictive model is needed for use as a harvest scheduling tool. Reliable prediction of the onset and development of IHN would then facilitate the scheduling of harvest to optimize crop yield while limiting the adverse economic impact of IHN.
Many researchers have used growing-degree-day or heat-sum models to predict dry matter accumulation in potato (Dean et al., 1981; Hartz and Moore, 1978; Sands et al., 1979; Van Heemst, 1986) . Iritani (1963) noted that maximum air temperatures >29.4C during tuber initiation and early tuber development are detrimental to yield. Several heat-sum models have included an adjustment in accumulated heat units to reflect the detrimental effect of high daytime temperature on dry matter accumulation (Dean et al., 1981; Hartz and Moore, 1978; Van Heemst, 1986) .
In the heat-sum model described by Dean et al. (1981) for growth of 'Russet Burbank', the adjustment of the heat-sum calculation was based on the relationship of temperature to specific growth responses, including sprout growth, emergence, vegetative growth, and rate of photosynthesis, but the calculation was modified when the air maximum exceeded 25C. However, the adverse effects of excessive minimum temperatures are not reflected in the Dean model.
Environmental variables have been included in several predictive models assessing the effects of specific diseases on yield loss (James et al., 1972; Teng et al., 1979) . Franc et al. (1989) Abbreviations: DAP, days after planting; IHN, internal heat necrosis. used a simple day-degree or heat-sum model to predict the appearance of early blight (Alternaria solani) lesions on potato foliage. However, little work has been done on the prediction of physiological disorders of potatoes. Therefore, we studied and report here on the onset and development of IHN in 'Atlantic' potato.
Materials and Methods
The studies were conducted at the Eastern Shore Agricultural Experiment Station, Painter, Va., and at the Rutgers Research and Development Center, Bridgeton, N. J., in 1986 through 1989. Cultural practices for trials in 1986 through 1988 have been described by Sterrett et al. (1991) .
For each year at each location, the first appearance of trace IHN and offgrade potatoes (mean IHN rating ≤7 for tubers >64 mm in diameter) were determined by successive harvests. In 1986, IHN was evaluated in two plantings in New Jersey. In 1989, three plantings in Virginia and three plantings in New Jersey were evaluated (Table 1) . Cultural practices at each location in 1989 were consistent with those reported for the previous 3 years. Rainfall in excess of the 49-year average delayed the 1989 Virginia plantings by almost 3 weeks. For all plantings, fertility levels included (kg·ha -1 ) 112N-49P-93K banded at plantings with 56 kg N/ha sidedressed 6 to 7 weeks later. A randomized complete block design was used with four replications in Virginia and six in New Jersey (four in the late planting, 1986). Between-row spacing of 0.9 m and within-row spacing in Virginia and 0.23 m in New Jersey reflected commercial spacing in the two growing areas.
In 1989, plots 7.6 m long in Virginia and 7.3 m in New Jersey were mechanically harvested, sized, and evaluated for IHN as previously described for New Jersey (Sterrett et al., 1991) . Severity of IHN was rated on a 1 to 9 subjective scale where 1 = severe necrosis and 9 = no visible symptoms.
Samples were considered offgrade when mean IHN rating was ≤7.Ο for tubers >64 mm in diameter.
Since the incidence and severity of IHN increases with successive harvests, the comparisons for IHN in 1989 were completed using a regression equation for each planting. The hypothesis that the progression of IHN was the same for all planting dates was investigated by testing the simultaneous equality of slopes and intercepts of the regression equations (Sterrett et al., 1991) .
Stepwise regression techniques were used to develop predictive models for both first trace and offgrade potatoes. Data from both locations over 4 years (1986) (1987) (1988) (1989) were included in the development of the predictive model. Planting dates, rainfall, and temperature variables are summarized in Table 1 . The heatsum model, of Lee and Sterrett (1989) was used to calculate the accumulated heat units for each growing season. The slope of that heat-sum line during the first 60 DAP (slope60) was calculated using regression analyses. Penalty was defined as the time in DAP of the first occurrence of three consecutive days of negative heat units.
A two-stage or forecasting type model evolved from the stepwise regression analyses. Variables included in the model to estimate first trace reflect environmental conditions to which the plants were exposed during the first 60 DAP. When first trace was established, variables associated with tuber size distribution and with temperature and rainfall during the 10 days after first trace were added to the 60 DAP variables to develop the predictive model for offgrade. The offgrade predictive model assumes that any given planting would eventually go offgrade.
Multi-colinearity from closely related temperature or rainfall variables was avoided by limiting the variables in any given model. The extent of multi-colinearity in the predictive models was assessed by a condition index in which a value <100 indicates minimal multi-colinearity and a condition index between 100 and 1000 implies moderate to strong collinearity (Montgom Table 1 . Planting dates, date of first trace of IHN, offgrade tuber size distribution, and environmental characteristics used in stepwise regression. Table 2 . Regression equations used to predict onset of IHN (first trace and offgrade). ery and Peck, 1982). The "Bounds on condition number" calculated in the stepwise regression procedure of SAS is the square root of this condition index (SAS, 1985) . In the selection of variables for inclusion in the predictive models, 15 was the maximum acceptable Bounds on condition number. 
Results and Discussion
The onset of visible symptoms of IHN has occurred in every planting in the 4 years. Since first trace of IHN in Virginia and New Jersey frequently occurs before the critical periods of high temperature (>33C) suggested by Ellison and Jacob (1952) , our predictive model for first trace reflects environmental conditions. early in the growing season ( Table 2) . The model meets the criteria for a strong predictive model [small C(p) or Mallow's criterion and "Bound on condition numbers" of ≤15 (Mont-ditions most conducive to the formation of tubers included short days and low temperature (12C). In our study, the predictive models for first trace and offgrade indicate that low temperatures early in the growing season were also conducive to delaying the onset of IHN. As the variable "penalty" reflects the effect of maximum and minimum temperatures during tuber initiation and early tuber growth, the rain events after the first visible symptoms of IHN (NrainFT) reflect the effects of environmental stress later in the growing season, during tuber bulking. The inclusion of rain events in the models suggests the possible influence of reduced light intensity, reduced temperatures, or increased relative humidity associated with rain on photosynthesis, respiration, or other physiological processes. However, neither total rainfall nor irrigation contributed significantly to gomery and Peck, 1982)] as well as providing a good fit (R 2 = 0.855) of the data. Heat units accumulated more slowly in a cool spring, and the slope during the first 60 days approached 2.0, resulting in a delay in first trace (Fig. 1) . Extending the number of DAP until the penalty occurred also delayed first trace. The onset of IHN was further delayed by increasing the number of rain events during the first 60 DAP. Since the penalty was invoked when the air maximum or minimum exceeded 25C or 21C, respectively, the appearance of first trace was hastened by a warm, dry spring with an early period of high temperatures (>25C) lasting 3 or more days.
Combining penalty with the percentage of tubers >64 mm at first trace, and the number of rain events during the 10 days after first trace (NrainFT) resulted in a strong predictive model for offgrade. The regression equation for offgrade (Table 2) closely fit the observed data (R 2 = 0.981). Both the low Mallow's criterion and "Bounds on condition number" indicated a strong predictive equation. The complex model indicated that the severity of IHN was influenced by the maximum-minimum temperature patterns during tuber initiation and early enlargement (60 DAP), factors affecting tuber size distribution and the environmental conditions occurring immediately after first trace. As with first. trace, extending the number of DAP before a penalty occurred delayed offgrade (Fig. 2) . As the number of rain events in the 10 days after first trace increased, offgrade was further delayed.
Several early studies associated increased necrosis with drought late in the growing season (Ellison and Jacob, 1952; Friedman, 1955; Wolcott and Ellis, 1959) . Wolcott and Ellis (1959) also noted an increase in necrosis in growing seasons when fewer tubers were set per hill. Stewart et al. (1981) noted that coneither model.
In Virginia and New Jersey in 1989, moderate temperatures and above-average rainfall occurred during July and August. In Virginia in 1989, the first planting became offgrade 7 to 24 days later than in previous years (Sterrett et al., 1991) . Symptoms of IHN appeared earlier (fewer DAP) in the later plantings at both locations in 1989 (Fig. 3, Table 1 ) but the interval from first trace to offgrade was extended, The average rating for the second and third plantings in Virginia did not drop below 7.0, even though successive harvests of these plots continued 3 weeks after commercial harvesting was complete. The onset and development of IHN in New Jersey in 1989 followed a similar pattern to that reported for 1988, with onset occurring late in the season and offgrade occurring toward the end of the commercial harvest period. While the offgrade model was based on the assumption that all plantings would go offgrade, two plantings in Virginia in 1989 did not. However, the predicted date of offgrade for each of these plantings was >2 weeks past the end of the usual harvest period (July-early August) for Virginia. This estimate of a prolonged interval before offgrade indicates a reduced risk of IHN for that planting, so that harvest could be scheduled accordingly. The use of these models in the prediction of both onset of IHN and offgrade would facilitate the timely scheduling of harvest to minimize risk of economic loss and maximize crop yield.
Yearly variation in the expression of IHN has been well documented (Ellison and Jacob, 1952; Friedman, 1955; Albert, 1945, 1949) . Ellison and Jacob (1952) also reported differences in susceptibility of tubers to IHN with planting date. Ellison and Jacob (1952) associated susceptibility to IHN with specific periods of that exceeded a 33C weekly mean maximum, suggesting a period of peak susceptibility. Wolcott and Ellis (1959) related susceptibility to IHN to elevated temperature and drought, but noted that susceptibility was also affected by tuber size. In their study of 20 cultivars, IHN was less severe in 1954 when the number of tubers set per hill was high and tuber size smaller than in the previous year. In Virginia and New Jersey, first trace was frequently observed before the occurrence of a 33C maximum, suggesting that the environmental conditions conducive to the onset of IHN occurred during the earlier growth stages. The differences noted in the progression of IHN in 1989 with delayed planting may be due, in part, to differences in the physiological age of the developing tubers when the environmental conditions were conducive to the onset of IHN.
These studies of IHN have focused on the influence of environmental stress after planting. The data indicate that economic loss from IHN is greater in those years with relatively high temperatures during the first 60 DAP, particularly with an early period of 3 or more days >25C. A dearth of rain events during tuber initiation and early development (60 DAP) and after first trace hastens the development of IHN. Economic loss also increases with environmental or physiological conditions conducive to a low tuber set with a correspondingly larger eventual tuber size.
